The interfaces in hybridized structures could give rise to rich phenomena, which open the way to novel devices with extraordinary performance. Here, we investigate the interface-related spin transport properties in Fe|Au bilayer based on first-principle calculation. We find that the spin Hall current in the Au side near the interface flows in the opposite direction to the bulk spin Hall current with the magnitude sensitive to the magnetization direction of Fe. This negative interfacial contribution is attributed to the spin dependent transmission within a few atomic layers, where a strong interfacial Rashba spin-orbit coupling exists. Surprisingly, the interfacial spin Hall currents are found to be not confined at the interface but extend tens of nanometers at low temperature, which is limited by momentum scattering and therefore much shorter than the spin diffusion length. In addition, the interfacial swapping spin currents, as a consequence of the spin precession under the interfacial Rashba field, are also obtained from our calculation and complete the full spin transport picture with all non-vanishing components. Our results suggest the importance of the interface engineering in spin-related transport in ferromagnetic|non-magnetic heterostructures and the possibility of manipulating the interfacial transport by the magnetization orientation of the magnetic layer.
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I. INTRODUCTION
Spintronic devices have improved our experience in daily life with various outstanding applications in electronic products. In the meantime, more devices have been designed with the aims of lower energy consumption, more reliable storage and faster operation [1] [2] [3] [4] [5] [6] . Seeking more efficient and controllable ways to generate spin currents is one of the main challenges in this field. To date, several techniques have been proposed and widely used in experiment, for instance, the electrical injection from ferromagnetic metal [7, 8] , the spin pumping by magnetization procession [9] [10] [11] [12] , the spin Seebeck effect with a temperature gradient across a magnetic insulator [13] [14] [15] [16] , and the spin Hall effect in heavy metals with strong spin-orbit coupling [17] . As most of them generate spin currents at the interface between two adjacent ferromagnetic and non-magnetic materials, the spin Hall effect is usually regarded as a bulk effect.
Recently, an interfacial contribution to the spin Hall effect was also demonstrated to exist and even be able to dominate the bulk spin Hall effect, which suggests the importance of taking into account the interfacial contribution in the analysis of the spin-Hall-related experimental data in heterostructures [10, 18, 19] . For example, from the thickness dependence of the inverse spin Hall voltage across the bismuth film in Py|Bi bilayer structure, Hou et al. [10] found an interfacial term with the effective spin Hall angle of opposite sign to the bulk Bi. Similar phenomenon was found by Kim et al. [18] who directly observed a sign change in the thickness dependence of the spin torques in Ta|CoFeB bilayer and attributed the sign change to the competition between the bulk spin Hall * kashen@bnu.edu.cn effect in Ta and an effective term associated with interfacial Rashba spin-orbit coupling. Theoretically, Wang et al. [19] recently reported their finding from first principles, where the Py|Pt interface enhances the effective spin Hall angle of Pt by one order of magnitude, however without sign change. It is therefore intuitively to ask why and how does the interface modify the magnitude and even reverse the sign of the spin Hall currents.
One simplified model to explore the interfacial spincharge conversion is based on the analogy of two dimensional electron gas with Rashba spin-orbit coupling [20] . The injected spins in this model are assumed to accumulate in a relatively narrow area near the interface and produce a lateral charge current via the so-called spin galvanic effect or inverse Rashba-Edelstein effect [21, 22] , which shares the same orthogonal relation between the spin and change flows as that in the spin Hall scenario and resembles the interfacial spin Hall effect. In such a two dimensional model, the interfacial electronic states are regarded to be isolated from the bulk states, which means that all possible consequences of the mixing between the interfacial and bulk states are ignored, hence some information, such as the spin injection efficiency from interface into bulk and the corresponding spin injection length, are unavailable in this model. Alternatively, a three dimensional model with the transport direction normal to the interface involved has been studied [23] [24] [25] [26] [27] [28] [29] , where a Rashba-type interfacial spin-orbit coupling can be introduced by a voltage drop across the interface. Borge et al. [28] showed that when the electrons go through the interface between two metals, the normal spin-charge conversion due to the spin-dependent interfacial scattering and the anomalous one originating from the anomalous velocity of momentum-dependent spinorbit coupling both can generate transverse currents but with opposite direction. The magnitude and the direction of the overall currents therefore depend on the com- petition between these two mechanisms and controllable by the the potential drop via the interface. Moreover, the spin swapping [30] [31] [32] [33] [34] [35] , referring to the conversion between spin current flows due to spin-orbit-couplinginduced spin procession, originally predicted in bulk was also found to contain an interfacial piece [28] . The applicability of such toy models in real system still requires examination, which is one of our goals for the present paper.
The Fe|Au heterostructure, one potential candidate for spin-charge conversion devices, has been demonstrated to be able to generate Thz electromagnetic pulse via ultrafast laser exposure on the Fe side [3] . For the configuration with magnetization of Fe parallel to the interface, a spin current pulse generated by the ultrafast laser is injected into Au, where it converts into a time-dependent charge current due to inverse spin Hall effect and produces a THz radiation pulse. The generation efficiency of the THz pulse relies on the spin Hall angle, of which the interfacial effects discussion above may play a role but is out of consideration so far. Therefore, in the present work, we take Fe|Au bilayer as an example to investigate all bulk and interfacial spin-related transport properties based on first-principle calculation, including not only the (inverse) spin Hall effect but also the spin swapping effect in the presence of an applied current across the interface. We study two configurations with the magnetization of Fe parallel and normal to the interface, respectively. Interestingly, we find in both cases that the interfacial spin Hall current generated near the Fe|Au interface flowing in the opposite direction with respect to the bulk spin Hall current and this interfacial component can extend to tens of nanometers away from the interface. We interpret the generation of this interfacial component as the consequence of the spin-dependent transmission through the interfacial Rashba spin-orbit potential by considering the fact that the maximal interfacial spin Hall angle locates at the boundary of the Rashba region, justified by the vanishing interface-induced modification in the layer resolved density of states. The value of the maximal interfacial spin Hall angle depends on the temperature as well as the magnetization orientation. The penetration length of this interfacial spin Hall current is found to be limited by the momentum relaxation, instead of the spin relaxation, and is therefore much shorter than the spin diffusion length. Moreover, in contrast to the spin Hall current, the spin swapping current is largest in the first atomic Au layer and present a quick decay within the Rashba region. We interpret this feature by the spin precession of the injected spins in the Rashba spin-orbit field. Far away from the interface, the spin swapping current induced by the bulk disorders shows a longer decay length determined again by the momentum scattering length.
The paper is organized as follows. In Sec. II, we will clarify the two configurations under study with all relevant quantities and briefly introduce the numerical method. In Sec. III, we will present our numerical results in both configurations. Both (inverse) spin Hall effect and spin current swapping will be discussed in this section. A summary will be given in Sec. IV. 
In case (b) with the magnetization along x direction, M x, the magnetization breaks the rotation symmetry near the interface. The effective interfacial spin Hall angle becomes anisotropic, i.e., Θ
In the meanwhile, the inverse spin Hall effect partially converts the injected spin current density j according to j
The swapping spin currents can be generally expressed by [30] [31] [32] 
where [j ) for M x.
In order to carry out all these transverse current densities from first principles, the [001] direction of the Fe bcc lattice is set along the transport diction (z). In the lateral plane, we use a 5 × 5 supercell with periodic boundary condition and discrete the Brillouin zone into a 64 × 64 mesh. In order to match the Au fcc lattice with Fe, we rotate it around z axis by π/4 and stretch the Fe lattice constant by 0.6%. The lattice constant of Au remains its nature value a Au = 4.0872Å. To minimize the artificial effect of lattice distortion, we perform structure relaxation before transport calculation. The temperature effects are introduced in the manner of static phonon by a series of random atomic displacements with a temperature dependent root mean square. In the calculation, we average the outputs over tens static phonon configurations to reach the convergence. More technical details can be found in Refs. [19, 36, 37] .
III. RESULTS

A. Magnetization parallel to the transport direction (M ẑ)
We first take the magnetization of Fe along transport direction, i.e., M ẑ. The spatial profile of the effective local spin Hall angle, i.e., the ratio between the local spin Hall current density j sy x and the longitudinal charge current density j c z , is plotted in Fig. 2 . The other spin Hall current j sx y is omitted because of the similarity [see Eq. (2)]. Clearly, the effective spin Hall angle around the interface differs significantly from the bulk value not only the magnitude but also the sign. Specifically, three regimes can be recognized according to the different behaviors: (i) establishing the interfacial contribution within a common scale (∼ 2 nm); (ii) dissipating the interfacial part within a temperature-dependent length scale; (iii) saturating at the bulk spin Hall angle. At room temperature, the bulk spin Hall angle reads ∼ 0.64%, which lies in the reported experimental range from 0.035% to 11.3% [17] . Theoretically, the intrinsic spin Hall conductivity was previously calculated from Berry phase formalism [38] , which divided by the experimental value of longitudinal conductance [39] gives a spin Hall angle around 0.16% at room temperature, much smaller than ours. This might reflect the importance of the phonon-induced extrinsic mechanisms [40, 41] , which are included in our calculation.
As shown in Fig. 2 , the interfacial contribution at room temperature extends to 10µm, much longer than that found in Pt [19] . When the temperature decreases, the interfacial part covers even a longer distance. Assuming an exponential decay of the interfacial term, we fit the results (z > 2 nm) in Fig. 2 by
to extract the decay length L sd as well as the bulk and interfacial spin Hall angles, Θ B and Θ I . The outputs are summarized in Fig. 3 . Notice that although the local spin all angle at low temperatures does not saturate to the bulk value at the longest distance (40µm) of our computational ability, the bulk spin Hall angle can still be obtained from the fitting. Fig. 3(a) shows that Θ B increases linearly with increasing temperature, suggesting the dominant role of the phonon skew scattering mechanism [19, 41] . The interfacial contribution is typically of much larger magnitude than the bulk value and its temperature dependence is opposite to the bulk term, namely instead of decreasing, it increases at lower temperature. By taking into account the increasing decay length L sd shown in Fig. 3(b) , we expect a more remarkable interfacial spin Hall contribution at extremely low temperature, which is confirmed by a zero-temperature calculation, where the local spin Hall angle is almost a constant (3%) across the entire Au layer (not shown).
To understand the microscopic origin of the interfacial spin Hall effect, we project the layer resolved density of states near the interface into the reciprocal space in Fig. 4 , where for comparison, the bulk density of states (a single atomic layer far away from the interface) is also given. As one can see that only the very first couple of layers are strongly modified by the interface, which is in the comparable length scale with the establishing regime (i) defined above. This implies that the interfacial spin Hall current may be induced by the spin-dependent interfacial potential and its long-distance-living feature may reflect the propagating property. The generation process can be understood as a consequence of spin-dependent transmission. We naively assume a Rashba-type spin orbit coupling due to the potential mismatch at the interface with its strength strongly depending on the distance to the interface, i.e.,
where α(z) ∝ ∂ z V (z) with V (z) being the potential drop or lift at the interface. Assuming α(z) > 0, the electronic states with a net polarization in y direction, σ y > 0, experience a potential lift (drop) if its lateral momentum component p x > 0 (p x < 0) according to Eq. (9) . The corresponding transmissions with p x < 0 is therefore larger than those with p x > 0. In other words, the transmitted spin species with σ y > 0 harvest a net momentum along −x direction, leading to a net spin po- larized current j sy x < 0. Similarly, for the other spin species with σ y < 0 the transmission of p x > 0 states is larger, again giving j sy x < 0. Since the accompanying charge currents of these two flows compensates with each other, a net lateral pure spin current is injected into Au. With the same reason, j sx y > 0 is simultaneously generated. This spin-dependent transmission picture is also consistent with the fact that in the Fe side in Fig. 2 , the spin Hall current has opposite sign to the Au side near interface, because the total spin (current) of the reflected and transmitted beams should conserve once the spin flipping at the interface is negligibly small. Such an interfacial scattering has also been discussed by Amin et al. [26, 29] in the presence of a lateral electric current. Notice that the spin current reverses its direction, i.e., j sy x > 0, if α(z) changes sign. This means that both positive and negative interfacial spin Hall angles are possible and in principle controllable by fabricating different heterostructures to tune the relative potential V (z) [28] .
Once the injected electrons propagate out of the establishing regime, the Rashba field disappears and the spin-momentum-locked scattering is suppressed. In this case, even without any spin-flip process, the momentum scattering can redistribute the two spin species in momentum space. As a result, each spin species lose net lateral velocity and the interface-induced pure spin Hall currents are dissipated. This process is therefore governed by momentum relaxation length or mean free path, which grows at lower temperature as shown in Fig. 3(b) . Intuitively, this length scale should also manifest itself in the bulk spin Hall current, especially near the interfaces or the boundaries.
With all these understandings, we write out the general form of the spin Hall current density as (11) where the second term corresponds to the quick establishment of the interfacial contribution. The other two terms are those in Eq. (8) For comparison, in Fig. 5 (a) , we plot the spatial profile of the local longitudinal spin current j sz z from the same calculation, which also follows an exponential decay with the decay lengths plotted as L sf in Fig. 3(b) . One can see that L sf is systematically longer than L sd . By expressing j 
Therefore, L sf corresponds to the spin relaxation length, which is determined by Elliott-Yafet mechanism [42, 43] according to its increase with weaker scattering at lower temperature. The spin diffusion length at room temperature is around 25 nm, comparable with the reported experimental values [17] . One may also notice a sudden drop of spin current j sz z from Fig. 5(a) in the establishing regime. This so called interfacial spin memory loss is related to the spin-flip scattering due to the interface spin-orbit coupling [25, 26] as well as the spin swapping discussed below. Fig. 5(b) shows the spatial distribution of the swapping spin current density j sx x (similar for j sy y ) generated by the primary spin current density j sz z . In contrast to the spin Hall currents, here the spin swapping current does not change sign. More importantly, the spin swapping current is largest at the first atomic Au layer and shows a quick decay within a length scale comparable to the drop of j sz z in Fig. 5(a) , indicating that the interfacial spin swapping may be responsible to the spin memory loss at interface via partially converting j sz z to j sx x [28] . The microscopic process can be understood from the spin precession in the interfacial Rashba field [28] . Describing the injected spin density polarized along z direction by density matrix ∆ρ = S z (z)σ z , from the steady state solution of the equations of motion i[H Rashba , ρ] = −(ρ − ρ 0 )/τ , one can estimate the correction in the density matrix due to momentum-dependent spin precession as which apparently supplies contributions to j sx x (z) and j sy y (z). Here, τ and S z are the momentum scattering time and the local spin density, respectively. According to Eq. (13), the strength of the interfacial spin swapping is proportional to the product of the local Rashba coefficient α(z) and local spin density S(z). For the injected spins with a group velocity almost transverse p z ≪ |p x,y |, they can stay near the interface for a relative long time. In this sense, they are partially "localized" and form a quasi-two dimensional electron gas, which is confirmed by the larger density of states at the interface compared to bulk Au in the calculation (not shown). Note that the potential mismatch may also help to form the quasi-two dimensional electron gas. As both spin density S z and Rashba coefficient α rapidly decrease with increasing the distance, the swapping spin current shows a sharp decrease within the first few layers. Such a spin precession simultaneously reduces the total spin polarization along z direction, resulting in a spin memory loss.
Outside the Rashba region, the spin swapping efficiency, κ, in Eq. (6) becomes a constant. By taking into account the transport of the generated swapping current as done for spin Hall effect in Eq. (10), we express the spin swapping current (z > L I )
with J I representing the propagating part of the interfacial contribution. Since its dissipation is also caused by momentum scatterings, the decay length is assumed to be the same as L sd in the interfacial spin Hall current discussed above, i.e., L ′ sd = L sd . Substituting the exponential function for the primary spin current, j
′ /L sf into Eq. (14), we obtain
where both length scales are involved. It turns out that when the interfacial term is stronger than the bulk one, i.e., J I > J B , and L sd ≪ L sf , Eq. (15) reduces to
where the first term dominates. Therefore, the decay length L sw extracted by using single exponential function to fit the results (2 nm< z < 20 nm) in Fig. 5(b) is only slightly longer than L sd [see Fig. 3(b) ]. The nonmonotonic feature in z > 30 nm might be related to the reflection at the interface (z = 40 nm) with the right lead.
B. Magnetization perpendicular to the transport direction (M x)
Now we turn to the other configuration with the magnetization of Fe perpendicular to the transport direction, i.e., M x. As discussed in Method section, the magnitudes of j sx y and j sy x in this case do not have to be equal, which could also be expected from the layer resolved density of states shown in Fig. 6 , where four-fold rotation symmetry in Fig. 4 reduces to a mirror symmetry with respect to y axis. Since this configuration is widely used in spin-charge conversion experiment, it is important to check the influence of the magnetization orientation. Fig. 7 shows the spatial distributions of the two transverse spin Hall current densities at 150 K. While they approach each other and saturate to the same value (bulk spin Hall angle), they however differ significantly near the interface. Specifically, j sy x remains very similar to the previous case shown in Fig. 2 , because of the fact that j sy x is related to the spin polarization in y direction, which is insensitive to the rotation of the magnetization around y axis. The interfacial contribution in j 
with Γ 0 and δ being spin-independent and dependent parts of the transmission. By substituting Eqs. (18) and (19) into Eq. (17), we obtain
depending mainly on the total density of states. The accompanying charge current is given by
proportional to the spin polarization as well as the parameter δ. For the case with the magnetization perpendicular to the x direction, for instance, the previous case with M ẑ, S We should point out that the difference between the two transmission coefficients, δ, depends on the magnitude of the Rashba-induced potential. In our case, the Rashba potential is relatively weak, therefore, δ is sensitive to the magnetization direction and is suppressed significantly when the magnetization lies in x direction. In the mean time, the interfacial contribution to inverse spin Hall current j c y is also suppressed according to Eq. (21), and the bulk spin Hall mechanism dominates. This picture is consistent with the numerical results shown in Fig. 7(a) , where no sign change is seen in the inverse spin Hall current (red circles). One may thus expect the transverse charge current j c y comparable to the product of j sz x and the bulk spin Hall angle Θ B = 0.2% as plotted by the red solid curve, which however does not agree with the numerical results near the interface. The deviation actually reveals the transmission of the anomalous Hall current from Fe (see the z < 0 region). For a large Rashba potential, δ is robust against the change of magnetization direction as shown in Py|Pt, where a huge interfacial spin Hall current is generated by strong Rashba potential and the magnitude of the interfacial j sx y is only slightly smaller than that of j sy x for M x [19] . The spin swapping current and the primary spin current are plotted in Fig. 7(b) . Both are very similar to those in the previous case with M ẑ. The sign of the swapping current here is positive as expected by Eq. (7). Following the derivation above, the interfacial spin procession, in the present case of M x, causes a correction in density matrix
which leads to a large interfacial j sz x with opposite sign to j sx z in Eq. (13).
IV. SUMMARY AND DISCUSSION
In summary, we employ first-principle method to study the spin transport properties in Fe|Au bilayer system in the presence of an applied electric current across the interface and obtain strong interfacial contributions in both (inverse) spin Hall effect and spin swapping effect, which can be well-explained by the spin dependent transmission and spin precession under the interfacial Rashba spinorbit field, respectively. We find that the negative interfacial term of the spin Hall currents is induced within several atomic layers near the interface, where the layer resolved density of states reveals a strong modification in the electronic band structure. Very interestingly, the decay length of the interfacial spin currents is not a constant but increases with decreasing the temperature and its value is typically much shorter than the spin diffusion length. This is because of the fact that it is mainly limited by momentum scatterings. We also show that the interfacial spin Hall term is controllable by tuning the magnetization direction of Fe and becomes anisotropic if the magnetization is away from the normal direction of the interface plane. For the spin swapping effect, we found that the maximal value of the spin swapping current occurs at the first atomic layer and a quick decay nearby no matter the magnetization lies in or normal to the interface, which is explained as the consequence of the spin precession of quasi-two dimensional near the interface. Our calculation indicates the importance of the interfacial effects in spin transport in bilayer or other heterostructure devices.
Finally, we discuss the experimental test of our predictions. One of the standard approaches to determine the spin Hall angle is to measure the inverse spin Hall voltage in the spin pumping experiment. However, according to Fig. 7(a) , the negative interfacial spin Hall contribution in Fe|Au bilayer is strongly suppressed in the typical spin pumping configuration with the magnetization exactly in-plane. In this sense, one may need a tilted configuration with the magnetization containing both in-plane and out-of-plane components. The predicted behaviors of the interfacial term thus can be tested from the thickness and temperature dependences of the inverse spin Hall voltage via spin pumping or spin Seebeck effect.
